We present experimental measurements of the thermal boundary conductance (TBC) from 77 − 500 K across isolated heteroepitaxially grown ZnO films on GaN substrates. These data provide an assessment of the assumptions that drive the phonon gas model-based diffuse mismatch models (DMM) and atomistic Green's function (AGF) formalisms for predicting TBC. Our measurements, when compared to previous experimental data, suggest that the TBC can be influenced by long wavelength, zone center modes in a material on one side of the interface as opposed to the "vibrational mismatch" concept assumed in the DMM; this disagreement is pronounced at high temperatures. At room temperature, we measure the ZnO/GaN TBC as 490[+150, −110] MW m −2 K −1 . The disagreement among the DMM and AGF and the experimental data these elevated temperatures suggests a non-negligible contribution from additional modes contributing to TBC that not accounted for in the fundamental assumptions of these harmonic formalisms, such as inelastic scattering. Given the high quality of these ZnO/GaN interface, these results provide an invaluable critical and quantitive assessment of the accuracy of assumptions in the current state of the art of computational approaches for predicting the phonon TBC across interfaces.
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The thermophysical property defining thermal transport across an interface between two materials is often termed the thermal boundary conductance (TBC), frequently approximated through phonon gas theory as
where j is the phonon polarization index, k is the wavevector, v g is the group velocity and ζ is the phonon transmission coefficient. According to Eq. 1, the maximum TBC across an interface can be achieved by engineering ζ to approach unity. However, the TBC is often assumed to decrease as the ratio of Debye temperatures of the materials comprising the interface decrease; in this case, the materials become more "vibrationally mismatched", and thus this transmission coefficient reduces. [2] [3] [4] [5] [6] [7] [8] This vibrational matching concept is the basis of the traditionally assumed diffuse mismatch model (DMM), 8 which, as with Eq. 1, is rooted in the assumptions of the "phonon gas model" (PGM). Under this formalism, at a heterogeneous interface, ζ can never approach unity due to the differing vibrational densities of states. However, recent work has demonstrated that at well-prepared epitaxial or well-bonded interfaces, the TBC can approach this maximal limit. 2, 5, 9 These experimental works draw into question the validity of the DMM, and other PGM-based approaches, in predicting the TBC across material interfaces, a question that has also been raised recently in computational studies. 10, 11 In principle, a direct comparison of these models to experimental data should provide a check of the validity of these theoretical approaches to correctly predict the phonon driven TBC. Indeed, several groups have recently provided this comparison to assess the validity of computational approaches based on the DMM or Atomic Green's Function (AGF) formalisms. [12] [13] [14] However, these works, along with the overwhelming majority of measurements of TBC across interfaces, have focused on metal/non-metal interfaces. 4, 13, [15] [16] [17] Arguments rooted in the assumption that electron-phonon scattering at metal/non-metal interfaces will contribute to TBC have often been made to rectify models and data for metal/non-metal interfaces. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] While the validity of these electron-phonon assumptions have been questioned via se-lected experiments, 3, [28] [29] [30] the presence of this potential interfacial heat transfer mechanism certainly calls into question the direct comparison of metal/non-metal TBC to the PGM or AGF models, effectively leaving these phonon TBC models un-vetted.
Clearly, a measurement of TBC across an interface of two crystalline non-metals of high equality (e.g., epitaxially grown with little to no disorder/dislocations) would enable better assessment of the validity of the DMM and AGF for predicting phonon transport across interfaces. However, previous works reporting measurements of this non-metal/non-metal TBC across single interfaces (i.e., not interpreted from superlattice measurements or across transition layer interfaces) are lacking and are limited to highly dislocated or amorphous interfaces. [31] [32] [33] [34] It is well known that interfacial disorder can lead to changes in TBC, 15 thus, these aforementioned nonmetal/non-metal interface studies are not ideal to compare to phonon computational formalisms, which can not take into account the nonidealities at the interface.
In this work, we overcome this void in the literature by studying the TBC across ZnO/GaN interfaces. We experimentally measure the TBC across isolated heteroepitaxially grown ZnO films on GaN substrates from 77 − 500 K. The relatively high lattice matching and epitaxial growth ensure high crystalline quality of the single crystalline ZnO near the GaN interface. The measured TBCs are then compared directly to DMM and AGF simulations using first-principlesderived phonon dispersions. Our measurements show relatively high values for the ZnO/GaN TBCs at elevated temperatures that exceed the values predicted by AGF and DMM calculations by nearly a factor of two at elevated temperatures. This difference between experiment and computation suggests the basic assumptions rooted in these formalisms are not suitable to predict the phonon TBC; this points to the potential existence of anharmonic phonon interactions enhancing the TBC at this ZnO/GaN interface, a process that is not rigorously accounted for in DMM or AGF simulations. We compare our measured ZnO/GaN TBC to calculations of the theoretical maximum predicted under various assumptions, along with previously derived TBCs from measurements of ZnO/hydroquinone (HQ) superlattices. 9 In comparison to the various models and previous data, our results suggest that the TBC can be intrinsic to the phonon modes in the ZnO, and not necessarily related to a "transmission" of modes restricted by the vibrational states on the other side of the interface. This nanoscopic mechanism of TBC can not be predicted by PGMbased formalisms.
ZnO thin films of thicknesses from 5 − 930 nm were grown heteroepitaxially on a Ga-polar GaN wafer by pulsed-laser deposition. The GaN wafer was prepared on a [0001]-sapphire wafer by metal-organic chemical vapor deposition employing an AlN buffer layer. 35, 36 Film structure, roughness, and thickness were characterized by X-ray diffraction (XRD), atomic force microscopy (AFM), and X-ray reflectivity (XRR) respectively. Figure 1a shows offset 2θ − ω XRD scans of the ZnO and GaN 002 reflections for a representative subset of the films. A strong ZnO 002 reflection can be seen beside the GaN 002 peak, indicating the films adopt the [001] orienta- tion of the GaN. Pendellosung fringing can be seen in some of the XRD patterns, a result of X-ray interference from the ZnO thickness and usually indicative of a high crystal quality and smooth interfaces. 37 A 2θ-peak shift to lower angles (larger interplanar spacing at lower thickness) can also be seen in Fig. 1a . This shift implies that thin ZnO films experience in-plane compressive epitaxial strain, while thicker ZnO films tend to relax toward its bulk lattice parameter. Long range 2θ−ω scans (see Supplementary Information) indicate a small amount of [110]-oriented ZnO grains at thicknesses above 100 nm, but thinner films exhibit a pure [001] orientation, implying that the [110] ZnO nuclei precipitated away from the ZnO/GaN interface. In this regard, we assume the ZnO/GaN interface is nearly identical and epitaxial for each of the films in this study.
Representative AFM data for the 95 nm thick ZnO film and the GaN wafer are shown in Figs. 1b and 1c, respectively. The GaN surface exhibits a step-terrace morphology and the ZnO films adopt a comparable morphology with less distinct, but still observable, step edges. The RMS surface roughness of all ZnO films were ∼ 1 nm or less, and that of the GaN was < 1 nm, determined by AFM image analysis. Together, the XRD and AFM data suggest heteroepitaxy and smooth and coherent ZnO/GaN interfaces. For ZnO films less than 100 nm thick, XRR was employed for thickness determination. 38 Fitting of the XRR data provided ZnO layer thickness and yielded surface roughness that agree with AFM data. For the 180 and 930 nm thick films, XRR was not able to resolve thickness oscillations and, as such, selective etching and AFM profilometry of a companion film, grown in the same growth as the thermally characterized films, were used to determine the thickness.
Our thermal measurements are carried out using time do-main thermoreflectance (TDTR), a technique that is described in detail elsewhere. 31, 39, 40 We first measure a piece of the same GaN on sapphire wafer on which the ZnO films were grown in order to measure both the GaN/sapphire TBC as well as the thermal conductivity, κ, of the GaN. We measure κ GaN = 159±12 W m −1 K −1 , in line with previous measurements of high quality GaN with thickness of ∼ 1 µm. 41 These values are used in all subsequent analyses discussed below and has the effect of reducing the number of unknowns in our analysis to: h K,Al/ZnO , κ ZnO , and h K,ZnO/GaN . In order to determine the thermal conductivity of our ZnO, we measure a 930 nm thick film. This thickness ensures we are only sensitive to the thermal conductivity of the ZnO and h K,Al/ZnO , and not to h K,ZnO/GaN . The thick ZnO film yields a thermal conductivity of κ ZnO = 53.4±4 W m −1 K −1 , similar to values found in literature for high quality ZnO (Refs. [42] [43] [44] and in line with recent computational work. 45 Both the GaN control and thick ZnO thermal conductivity were independently tested and verified via TDTR at the University of Virginia and Georgia Institute of Technology. It should be noted there are a host of lower literature values for thin film ZnO that are highly influenced by the microstructural features present in the films, namely the presence of grain boundaries, which may act as thermal scattering sites. 46, 47 In order to obtain h K,ZnO/GaN , we test films with thickness of 180 and 95 nanometers. Taking κ ZnO from the thick film leaves us with two unknown parameters in the thermal model, h K,ZnO/GaN and h K,Al/ZnO , which we can determine by fitting h K,Al/ZnO with the in-phase signal, V in signal and h K,ZnO/GaN with the ratio of −V in /V out . We iterate these values into the opposing thermal models until the values converge, yielding an average for these films of moderate thickness of h K,ZnO/GaN = 490[+150, −110] MW m −2 K −1 . Exemplary TDTR data and the model fits for the 930 and 180 nm films are shown in Fig. 2a . Figure 2b shows the results from a contour plot analysis that demonstrates the mean square deviation of the thermal model to the TDTR data (−V in /V out ) for various combinations of h K,ZnO/GaN and h K,Al/ZnO as input parameters in the model for the 180 nm film. The lowest value of the contour lines indicates the combinations of thermal parameters that lie within a 95% confidence interval. As is clear from the sensitivity contour plot, a relatively confined range of values for h K,ZnO/GaN and h K,Al/ZnO can produce best fits to the TDTR data, confirming our uncertainty bounds in our measurements of h K,ZnO/GaN in the 180 and 95 nm thick films. We further confirm these reported values for h K,ZnO/GaN through measurements on the thinner ZnO films with thicknesses of 5, 10, 19, 27, 42, and 66 nm, discussed in the Supplementary Information.
To allow for further investigation of the transport properties at this well matched interface, we turn to temperature dependent measurements of h K,ZnO/GaN . Relevant thermophysical properties for the temperature dependent measurements and analysis were taken from a combination of measurements on control samples (thick GaN and thick ZnO) and a variety of existing literature. 42, [49] [50] [51] [52] [53] [54] As a validation of our analysis procedure, we compare our measured thermal conductivities of κ ZnO to those predicted via first principles The agreement supports our analysis procedure that assumes the thermal conductivity of the ZnO is reduced due to a TBC at the ZnO/GaN interface. 48 lattice dynamics (FPLD). 45 As shown in Fig. 2c , the measured thermal conductivities of our thickest ZnO film (930 nm) agrees well with the FPLD predictions at higher temperatures. At cryogenic temperatures, the deviation between the TDTR data and FPLD predictions is most likely due to size effects in the 930 nm that are more pronounced at these lower temperatures. To test our assumptions regarding the role of size effects and our ability to extract the ZnO/GaN TBC in our TDTR analysis, we calculate κ ZnO for the 180 nm film using FPLD with a boundary resistance in series, which we take from our measured data, given by κ effective = 180 × 10 −9 m/κ FPLD,bulk + 1/h K,ZnO/GaN −1 . We compare these predictions to the measured effective thermal conductivities via TDTR. The agreement between these FPLD predictions and our measured data shown in Fig. 2c give additional credence to our TDTR fitting procedure used to measure h K,ZnO/GaN over a range of temperatures; namely that the thermal conductivity of the ZnO thin films is reduced due to the finite TBC at the ZnO/GaN interface. 48 We ascribe the slight disagreement between the FPLD model and our TDTR data to atomic defects in the ZnO, where the FPLD simulations are based on a perfect crystal. Figure 3 shows the results for h K,ZnO/GaN as a function of temperature. We also plot experimental data of TBC across ZnO/HQ/ZnO interfaces extracted from thermal conductivity measurements of organic/inorganic multilayers grown from atomic/molecular layer deposition from our recent work. 9 The similarities in TBCs, in both magnitude and temperature trends, suggest similar interfacial heat transport mechanisms driving the TBC. In the case of the ZnO/HQ/ZnO, the results suggested that the TBC was driven by the phonon flux in the ZnO. The similarity in our current values for this heterogeneous ZnO/GaN interface suggest the same: namely, the heat transport mechanisms driving the TBC across this ZnO/GaN epitaxial interface are intrinsic to the ZnO, an observation that is contradictory to the DMM and other PGM-based theories. Recent works 55, 56 have suggested that the TBC across ideal interfaces can be driven by near perfect transmission of long wavelength, zone center phonons. This is in disagreement to theories rooted in the PGM that assume vibrational mismatch between two materials' densities of states can impact transmission of all phonon wavelengths, such as the DMM and other Landauer-based TBC that do not capture the wavebased nature of phonon transport. 57 Our results support these aforementioned theories, 55, 56 and suggest that at "perfect" interfaces, the conductance can be intrinsic to one of the materials adjacent to the interface, in our case, the ZnO.
We more quantitatively analyze our measured TBC data and study this potential failure of AGF and PGM-based DMM assumptions by calculating the TBC via the DMM and AGF. First, we calculate the ZnO/GaN TBC with the DMM assuming an isotropic Brillouin Zone, an assumption that is arguably the most widely applied in DMM predictions. 1, 5, 8, 58 The details of these calculations are further discussed in the Supplementary Information, but we note that we calculate the DMM via a polynomial fit to the phonon dispersion of ZnO and GaN in the Γ → M direction. 59, 60 The DMM underpredicts the measured h K,ZnO/GaN by nearly a factor of two across the entire temperature range. It should be noted that our assumption of Brillouin Zone isotropy may certainly be playing a role in this disagreement, as anisotropy in the crystal structure can affect TBC. [61] [62] [63] [64] However, as previously discussed, our data also suggest that the fundamental assumptions driving the DMM can not capture the TBC at this epitaxial ZnO/GaN interface, so this disagreement is not surprising.
We also calculate the ZnO/GaN TBC using AGF, as shown in Fig. 3 . Our AGF calculations include the exact atomic level detail of the interface, in comparison to the DMM which is limited in this atomic-level description. We note that direct comparisons between AGF calculations and an appropriately matched experimental measurement of an isolated nonmetal-nonmetal TBC are, to the best of our knowledge, nonexistent. Thus, our results herein for an AGF prediction of the ZnO/GaN interface provide a critical comparison that has been absent in the literature. Our AGF calculations were performed ab initio, using density function theory (DFT). The electronic structure calculations were performed using the Vienna Ab Initio Software Package (VASP). 65, 66 The general details associated with the AGF implementation are well described elsewhere, [67] [68] [69] [70] and our specific assumptions are outlined in the Supplementary Information; the results of these 9 DMM and AGF predictions of the ZnO/GaN TBC (solid and dotted lines, respectively), and the maximum TBC predicted via Eq. 1 (assuming isotropy, dashed line) and this maximum TBC assuming a more precise shape to the Brillouin Zone (dot-dashed line). 45 At low temperatures, the agreement between the data and AGF, and their disagreement with the DMM is ascribed to the failure of the DMM to account for the effective interfacial transport of long wavelength modes. The disagreement between the measured data and both the AGF and DMM (and the convergence of these models) suggest that inelastic scattering among different mode energies could be contributing to the ZnO/GaN TBC, a phenomenon that is not rigorously accounted for in our DMM and AGF formalisms assumed here.
calculations are shown in Fig. 3 . In general, the AGF calculations capture the low temperature values but underpredict the trends and values at high temperatures.
Unlike the DMM, the AGF formalism accounts for the wave-like nature of phonon transport and naturally captures phonon transport processes typically associated with traditionally assumed acoustic mismatch theories; 8, 71, 72 that is, AGF can account for the fact that long wavelength phonons can efficiently transfer energy across interfaces more so than short wavelength phonons, 73, 74 a phenomena that has been theorized previously. 32, 56, 75, 76 It is of note that the DMM does not account for this effect and assumes all phonons scatter diffusively at interfaces, thus underpredicting the contribution of long wavelength phonons to TBC. This can potentially explain the disagreement between the AGF and DMM predictions at low temperatures, and supports these aforementioned previous theories that long wavelength phonons can effectively transfer energy across heterogeneous interfaces, 32, 56, 75, 76 and do not obey DMM-based constraints.
At higher temperatures the DMM and AGF calculations converge, while still underpredicting the experimental data by nearly a factor of two. A potential source of this underpredicition has often been ascribed to inelastic scattering at the interface, where anharmonic interactions among multiple phonons can open up additional parallel pathways for increases to TBC. 3, 55, [77] [78] [79] [80] [81] Given that both our AGF and DMM calculations only assume harmonic interactions, this indeed could explain the discrepancy between the models and our measured data. More specifically, especially given the rigor of our AGF calculations and the quality of this ZnO/GaN interface, inelastic scattering processes are most likely contributing to the TBC at the ZnO/GaN interface at elevated temperatures. Figure 3 also shows the calculations for the maximum possible TBC, calculated both via Eq. 1 with ζ=1, which assumes an isotropic Brillouin Zone in the Γ → M direction, and using AGF at a ZnO/ZnO interface, which accounts for the exact geometry of the Brillouin Zone in ZnO. The most accurate calculation for this maximum TBC determined via the AGF calculations sets the upper bound for the ZnO flux, and our data are over a factor of two lower than this limit. We note the substantial disagreement between the AGF maximum limit and that calculated via Eq. 1, which is most likely due to our assumptions of the Brillouin Zone shape and the dispersion relation used to calculate TBC under the DMM framework, as previously discussed. Thus, when determining the maximum possible TBC across interfaces, it is important to use as detailed a phononic spectra as possible to ensure accuracy. Furthermore, even at these near perfect epitaxial ZnO/GaN interfaces, the measured TBC is only ∼ 30% of the maximum TBC. Given our previous discussion regarding the high efficacy of long wavelength modes, these data also suggest that high frequency modes are not effective carriers of energy across interfaces, which supports recent computational findings. 56, 74 In summary, we have reported on experimental measurements of the TBC across isolated heteroepitaxially grown ZnO films on GaN substrates from 77 − 500 K, providing a direct comparison of measured TBCs to DMM and AGF simulations. This comparison allows for a direct assessment of the assumptions implemented in DMM and AGF calculations. Our measurements, when compared to previous experimental data across ZnO/HQ/ZnO interfaces, suggest that the TBC can be influenced by the modes in the material on one side as opposed to the "vibrational mismatch" concept assumed in the DMM. Furthermore, the disagreement between both the DMM and AGF and the experimental data at elevated temperatures suggest the contribution of additional modes of TBC not accounted for in the fundamental assumptions of these harmonic formalisms, such as inelastic scattering. Our data suggest that long wavelength phonons can effectively transmit across interfaces, supporting the findings of recent computational studies. 56, 74 These results also provide invaluable impact into strategies of thermal mitigation and power dissipation electronic devices such as microprocessors, semiconductor-based radio frequency devices, and radar amplifiers. [82] [83] [84] This thermal bottleneck in these devices has proven to be the major roadblock in achieving higher power gallium nitride high-electron mobility transistors (GaN HEMTs) along with other semiconductorbased high-frequency, high-output power technologies. 85, 86 A significant limitation in the ability to scale devices to higher powers, especially as active regions continue to dimensionally shrink, is the TBC at GaN interfaces, and its effect on heat transfer into sub-mounts and heat sinks. 87 Our results lend insight into how phonon modes couple energy across GaNbased interfaces.
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